A spatiotemporal diffractive lens composed of a chirped diffractive lens and a diffraction grating is proposed. The spatiotemporal diffractive lens gives an ultrashort laser pulse with minimal duration only at the focal point. It also compensates for wavelength dispersion generated not only in the diffraction lens itself but also in other optical components in the experimental setup. © 2010 Optical Society of America OCIS codes: 140.7090, 230.2035, 090.1760, 090.2890 Spots with ultrahigh local light intensity produced by focusing femtosecond laser pulses are used to bring about multiphoton absorption in materials [1] . The phenomenon is an extremely useful scientific and engineering tool for three-dimensional irradiation of light in applications such as two-photon fluorescence [2], two-photon polymerization [3] , and laser nanoprocessing [4] [5] [6] . The feature size of the area processed by the focused femtosecond pulse is of subwavelength order, and therefore a realistic threedimensional structure with millimeter scale is composed of a huge number of such unit features. Consequently, the laser pulse irradiation must be performed with high throughput to fabricate practical structures in a reasonable amount of time. Parallel pulse irradiation techniques have been developed in response to the need for high throughput [7] [8] [9] [10] [11] . In particular, holographic femtosecond laser irradiation using a computer-generated hologram (CGH) displayed on a liquid-crystal spatial light modulator (LCSLM) is effective in meeting this need [12] [13] [14] [15] [16] [17] .
Spots with ultrahigh local light intensity produced by focusing femtosecond laser pulses are used to bring about multiphoton absorption in materials [1] . The phenomenon is an extremely useful scientific and engineering tool for three-dimensional irradiation of light in applications such as two-photon fluorescence [2] , two-photon polymerization [3] , and laser nanoprocessing [4] [5] [6] . The feature size of the area processed by the focused femtosecond pulse is of subwavelength order, and therefore a realistic threedimensional structure with millimeter scale is composed of a huge number of such unit features. Consequently, the laser pulse irradiation must be performed with high throughput to fabricate practical structures in a reasonable amount of time. Parallel pulse irradiation techniques have been developed in response to the need for high throughput [7] [8] [9] [10] [11] . In particular, holographic femtosecond laser irradiation using a computer-generated hologram (CGH) displayed on a liquid-crystal spatial light modulator (LCSLM) is effective in meeting this need [12] [13] [14] [15] [16] [17] .
In the holographic technique, a femtosecond laser pulse diffracted by the CGH is reduced in peak intensity and extended in pulse width at the focal point owing to wavelength dispersion in the CGH. Some wavelength dispersion compensation techniques have been proposed, including hybrid diffractiverefractive lenses [18] , a pair of diffractive optical elements [19] , and a combination of a diffraction grating and diffractive lens for multifocal processing [20] .
In this Letter, we propose a spatiotemporal diffractive lens that compensates for the wavelength dispersion in addition to achieving spatial and temporal focusing. Refractive spatial and temporal focusing [21] [22] [23] forms an ultrashort pulse only at the focal plane, thus reducing background excitation in multiphoton microscopy. A combination of refractive spatiotemporal focusing and a pulse shaping for optimization of a phase distribution with an SLM was also proposed [24] . Simultaneous spatiotemporal focusing for axial scanning has been investigated by adjusting the group-velocity dispersion [25] . Our technique using a diffractive lens realizes not only such spatiotemporal focusing and an optimization of a wavefront but also focusing with straightforward reconfigurability and easy adaptive phase modulation, such as producing multiple focal points to compensate for the wavelength dispersion simultaneously. Figure 1 shows the optical layout of a spatiotemporal diffractive lens designed for focusing a femtosecond laser pulse. The femtosecond laser pulse is dispersed by a diffraction grating and collimated by a cylindrical lens. The collimated beam passes through a diffractive lens displayed on an LCSLM. The pattern displayed at each position of the diffractive lens is designed for its corresponding wavelength. After diffraction at the diffractive lens, the laser pulse is focused at a sample plane. Every wavelength of the femtosecond laser pulse is superposed at the focal plane without wavelength dispersion. As a result, the shortest pulse width is obtained only at the focal position. We named this lens a chirped diffractive lens, because the fringe intervals were chirped compared with those of a conventional diffractive lens.
The design method of the spatiotemporal diffractive lens, consisting of a combination of a diffraction grating and a chirped diffractive lens, is described here. When light with a wavelength d is diffracted by the diffraction grating, the incident angle i Figure 2 shows the experimental setup. The setup mainly consisted of a regeneratively amplified femtosecond laser system, an interferometer for pulse width measurement, beam-shaping optics, spectrometer optics, and an LCSLM displaying the diffractive lens. The femtosecond laser pulse had a center wavelength, c , of 800 nm. The pulse width was 45 fs measured by a single-shot autocorrelator (SSA). The laser pulse was expanded by the lenses L1 and L2 and reduced only in the x direction by the cylindrical lenses CL1 and CL2. Next, the laser pulse was dispersed by the spectrometer optics, composed of a diffraction grating with a period of 830 line pairs/ mm and a cylindrical lens with a focal length of 250 mm. The dispersed light was diffracted by the chirped diffractive lens displayed on the LCSLM and was detected by a GaAsP photodetector (PD). The GaAsP PD detected a two-photon absorption signal, because it had ultralow sensitivity in the wavelength range above 750 nm. Therefore autocorrelation measurement was performed with axial scanning of one arm of the interferometer [26] [27] [28] . The GaAsP PD was moved along the z direction. The focal plane was defined as z = 0, with the positive direction being on the opposite side of the LCSLM. Figure 3 shows autocorrelation traces measured at a position just after the beam splitter BS (indicated as P1), at a position 155 mm away from the focal plane of the chirped diffractive lens, and at the focal plane of the chirped diffractive lens. The solid curve represents the theoretical formula of an autocorrelation signal for a pulse with a linear chirp, with a pulse width p and a chirp parameter c p [29] . At P1, p and c p were estimated to be 240 fs and 5, respectively. As shown in Fig. 3(b) at z = 155 mm, p and c p were estimated to be 445 fs and 9, respectively. The pulse was thus given some wavelength dispersion compared with the pulse at P1. At the focal point ͑z =0 mm͒, p was reduced to 45 fs, which is equivalent to the pulse width of the laser system, and also c p was reduced to 0, and the chirp of the laser pulse greatly decreased. A chirped diffractive lens with f dl = 1000 mm gave the shortest pulse with ␣ = 3.0 ϫ 10 −6 , in the experimentally confirmed range of ␣ = −30.0ϫ 10 −6 to 30.0ϫ 10 −6 . The experimental ␣ was different with the value of 4.8ϫ 10 −6 calculated from the experimental specifications by balancing an axial chromatic aberration of the diffractive lens and a compensation for wavelength dispersions of the optical parts in the optical setup. Figure 4 shows the pulse width and the chirp parameter along the z direction. The pulse width had a minimum value at the focal plane of the chirped diffractive lens and increased with increasing distance from the focal plane. This demonstrates that the spatiotemporal diffractive lens composed of a chirped diffraction lens and a diffraction grating performed simultaneous spatial and temporal focusing. Furthermore, it compensated for not only the wavelength dispersion generated in the diffractive lens itself but also that generated in the other components in the experimental setup, including the laser, prisms, lenses, and LCSLM.
In summary, we have proposed a spatiotemporal diffractive lens that performs simultaneous spatial and temporal focusing of femtosecond laser pulses while achieving dispersion compensation. We demonstrated that the spatiotemporal diffractive lens gave the minimum pulse width only at the focal point. The lens also achieved compensation of wavelength dispersion generated in the optical components in the optical setup, besides the dispersion generated in the lens itself. This technique will be a powerful tool for three-dimensional ultrashort-pulse laser irradiation of materials in applications such as femtosecond laser processing, multiphoton microfabrication, multiphoton polymerization, and multiphoton microscopy.
